Pre-mRNA splicing is a central step in the shaping of the eukaryotic transcriptome and in the regulation of gene expression. Yet, due to a focus on fully processed mRNA, common approaches for defining pre-mRNA splicing genome-wide are suboptimalespecially with respect to defining the branch point sequence, a key cis-element that initiates the chemistry of splicing. Here, we report a complementary intron-centered approach designed to more efficiently, simply, and directly define splicing events genome-wide. Specifically, we developed a method distinguished by deep sequencing of lariat intron termini (LIT-seq). In a test of LIT-seq using the budding yeast Saccharomyces cerevisiae, we not only successfully captured the majority of annotated, expressed splicing events but also uncovered 45 novel splicing events, establishing the sensitivity of LIT-seq. Moreover, our libraries were highly enriched with reads that reported on splice sites; by a simple and direct inspection of sequencing reads, we empirically defined both 5 ′ splice sites and branch sites, as well as their consensus sequences, with nucleotide resolution. Additionally, our study revealed that the 3 ′ termini of lariat introns are subject to nontemplated addition of adenosines, characteristic of signals sensed by 3 ′ to 5 ′ RNA turnover machinery. Collectively, this work defines a novel, genome-wide approach for analyzing splicing with unprecedented depth, specificity, and resolution.
INTRODUCTION
In eukaryotes, primary transcripts undergo substantial processing before export to the cytoplasm for translation. In the most dramatic processing step, pre-messenger RNAs (pre-mRNAs) are spliced to mature RNAs (mRNAs) through the removal of interrupting sequences (introns) and the concomitant ligation of flanking sequences (exons, Wahl et al. 2009 ). Pre-mRNA splicing is pervasive in most eukaryotic transcriptomes, such as in humans where genes are interrupted by eight introns, on average (Deutsch and Long 1999; Roy and Gilbert 2006) . Additionally, splicing by alternative pathways impacts gene expression qualitatively and quantitatively, by reshaping coding potential or by introducing nonsense codons that induce nonsense mediated decay (NMD; Wang et al. 2008; Nilsen and Graveley 2010; Kalsotra and Cooper 2011) . A subset of alternative splicing events are regulated and functionally involved in many key cellular processes including cell division, differentiation, and stress responses (Kalsotra and Cooper 2011) . To understand fully the role of splicing in gene expression, it is necessary to monitor splicing genome-wide.
Pre-mRNA splicing proceeds through a two-step transesterification reaction that engages three intronic sites-the 5 ′ splice site, branchpoint, and 3 ′ splice site (Staley and Guthrie 1998) . These sites are defined by consensus sequences that are recognized by the spliceosome, the cellular machinery that catalyzes the splicing reaction. In the first transesterification, the 2 ′ OH of the branchpoint attacks the 5 ′ splice site, generating a cleaved 5 ′ exon and a lariat intermediate that is looped by an atypical 2 ′ -5 ′ phosphodiester bond. Then, the 3 ′ OH of the 5 ′ exon attacks the 3 ′ splice site, ligating the exons as linear mRNA and releasing the intron as a branched lariat. Significantly, both the mRNA and lariat products report on the splice sites utilized, while only the lariat product reports on the site of branching.
Most of our current knowledge of splicing on a genomewide scale comes from studies of the mRNA product, which is relatively abundant, easy to enrich, and biologically relevant for translation. In array-based investigations of mRNA, known splicing events are monitored by probes that specifically target the annotated junctions of mRNA (Clark et al. 2002; Pleiss et al. 2007a,b) . In a widely employed application of RNA-seq to poly(A)-enriched mRNA, splicing events for a gene are either inferred by a gap in read coverage or observed through exon-exon junction reads that can be split and mapped to two discontinuous locations within the gene (e.g., Nagalakshmi et al. 2008; Wang et al. 2008; Kawashima et al. 2014) . While sequencing of mRNA has facilitated the relative quantification of splicing events, enabled the genome-wide assembly of mRNA de novo, and allowed the refinement of existing genome annotations (Martin and Wang 2011) , such approaches suffer from several drawbacks for studies that focus on splicing. First, mRNA sequencing underrepresents a significant population of splicing events that trigger decay of an mRNA, such as by NMD (McGlincy and Smith 2008; Kawashima et al. 2014) . Second, because most short mRNA reads do not span spliced junctions, mRNA sequencing reports on splicing inefficiently (e.g., ∼0.3% in budding yeast and 5% in human; Wang et al. 2008; Nagalakshmi et al. 2008) . Lastly, sequencing of mRNA fails to reveal branch sites. In a recent analysis of hundreds of mRNA-seq data sets, contaminating intronic RNA did reveal branch sites but only at a frequency of one read per million (Taggart et al. 2012) . While some of these limitations of sequencing the mRNA products of splicing may be mitigated by longer reads or deeper sequencing, these improvements would come at a financial cost.
For an investigation focused on splicing, the lariat intron, the other product of splicing, offers a number of advantages over mRNA. First, the lariat intron will more effectively report on splicing events that result in NMD-sensitive mRNA isoforms (Awan et al. 2013) . Second, the lariat intron reports on splicing efficiently, because every read from a lariat intron reflects a splicing event. Further, targeted sequencing of lariat termini offers a potential for every read to reflect a unique splicing event, thereby increasing the depth for detecting splicing. Third, excised introns can reveal all of the splicing signals used; the 5 ′ terminus of the lariat reports on the 5 ′ splice site, the 3 ′ terminus of an intact lariat intron defines the 3 ′ splice site, and the 3 ′ terminus of a lariat intron, after 3 ′ -5 ′ exonuclease trimming in vivo or in vitro, reveals the branchpoint. Thus, the lariat intron product offers a faithful, efficient, and direct alternative to mRNA for studying splicing genome-wide. Importantly, capturing the full landscape of introns, or the intronome, can provide insight into the production of not only mRNAs but also intron-encoded ncRNAs, such as small nucleolar RNAs, microRNAs, and some intronic circRNAs (Zhang et al. 2013; Hesselberth 2014; Talhouarne and Gall 2014) .
In studies of splicing from the perspective of excised introns, introns have been enriched by stabilization in a strain in which the gene DBR1 was deleted (Spingola et al. 1999; Juneau et al. 2007; Zhang et al. 2007; Awan et al. 2013; Bitton et al. 2014; Stepankiw et al. 2015) ; DBR1 encodes a debranchase that linearizes a lariat through hydrolysis of the unique 2 ′ -5 ′ phosphodiester bond-a prerequisite for rapid, exonucleolytic degradation (Chapman and Boeke 1991) . Early microarray-based studies inferred the location of introns as those genomic regions in which RNA levels increased in the dbr1Δ strain, relative to a wild-type strain (Juneau et al. 2007; Zhang et al. 2007) . While these studies verified annotated introns and uncovered novel introns, these array-based methods were limited by low sensitivity, narrow dynamic range, and poor nucleotide resolution, which complicated a precise definition of splicing signals. More recently, in Schizosaccharomyces pombe, random priming-based RNAseq was applied to lariat introns that were similarly enriched using a dbr1Δ strain, leading to the detection of splicing events genome-wide including hundreds of novel splicing events (Awan et al. 2013; Bitton et al. 2014; Stepankiw et al. 2015) . This approach, along with an earlier large-scale analysis of human transcriptome data, also revealed both 5 ′ splice sites and branch sites through branched junction reads that traversed the 2 ′ -5 ′ phosphodiester bond (Taggart et al. 2012; Awan et al. 2013; Bitton et al. 2014; Stepankiw et al. 2015) . Recently, deep sequencing was focused further on the branched structure of lariats by 3 ′ -5 ′ exonuclease treatment or the capture of branched junction reads with probes that anneal immediately downstream from annotated 5 ′ splice sites or upstream of 3 ′ splice sites. Consequently, ∼25% of human branch sites were mapped and analyzed (Mercer et al. 2015) . However, these intron-centered, RNA-seq approaches to study splicing genome wide have not yet exploited the full depth of next-generation sequencing. First, targeting the entire intronic RNA by random priming resulted in reads that redundantly reported on splicing events and failed to focus on the branched junction reads that defined splicing signals. While probes can specifically capture such branched junction reads, this method demands prior knowledge of 5 ′ and 3 ′ splice sites. Second, targeting the entire intronic RNA biased toward large introns, because large introns were preferentially primed. Third, because reverse transcriptase generally traverses a branch site inefficiently, the fraction of reads that reported on branch points were few-only ∼3% of total mapped reads, at best (Awan et al. 2013; Bitton et al. 2014; Mercer et al. 2015; Stepankiw et al. 2015) . Finally, with one exception (Mercer et al. 2015) , these intron-based approaches rely on strains that lack debranchase activity.
Here, using Saccharomyces cerevisiae as a model system, we circumvented these limitations by developing LIT-seq, a novel approach that centers on lariat termini and focuses the full capacity of RNA-seq on splicing events. Despite extensive studies of introns in S. cerevisiae, our approach revealed 45 novel splicing events while capturing the majority of annotated, expressed introns, establishing the sensitivity of the approach. Further, our approach empirically defined, in addition to 5 ′ splice sites, 60% of intronic branch sites; indeed, up to 90% of total mapped reads reported on branch sites, establishing the utility of this method for broad and efficient branch-site mapping. In addition, our approach revealed that the 3 ′ termini of lariat introns were appended with nontemplated adenosines, a hallmark of RNA targeted by the exosome for decay (Jia et al. 2011; Schneider et al. 2012) . Finally, by enriching for introns through coimmunoprecipitation of the spliceosome, we established that LIT-seq reveals the intronome even in a yeast strain expressing debranchase activity, thereby implying a broad and general utility for LIT-seq.
RESULTS

Strategy to capture and sequence lariat termini
To efficiently detect splicing events and to directly define splicing signals, we developed a strategy to enrich for and capture lariat termini (Fig. 1) . To test our strategy, we utilized the model organism budding yeast, given its well-characterized genome and transcriptome. Since lariats turn over rapidly and represent low-abundance species in total RNA, we at first initiated the enrichment of lariats by a genetic approach utilized in earlier intronome studies, in which a dbr1Δ mutant strain was employed to stabilize lariat introns; subsequently, we validated an alternative, more general approach (see below). In the dbr1Δ mutant strain, the termini of a lariat reveal the 5 ′ splice site and branch site, because the RNA 3 ′ of the branch site is subject to trimming by endogenous 3 ′ -5 ′ exonucleases ( Fig. 1A ; Chapman and Boeke 1991; Zhang et al. 2007 ). To further enrich for lariat introns from whole-cell RNA of dbr1Δ cells, we discriminated against linear RNAs having a 5 ′ phosphate that would incorporate into the sequencing library (see below). To do so, we first degraded linear RNAs bearing a 5 ′ phosphate using XRN-1, a 5 ′ -3 ′ exonuclease, and then removed the 5 ′ phosphate of remaining linear RNAs by calf-intestinal alkaline phosphatase (CIP). Note that, similar to lariat RNAs, other RNA species with a blocked 5 ′ end (e.g., mRNA) will resist XRN-1 and CIP treatment. Thus, we additionally enriched for lariats by selecting against 5 ′ blocked, linear RNAs by requiring ligation of an adapter to the 5 ′ end of an RNA. To enable ligation of an adapter to the 5 ′ end of introns, after ligation of an adapter to the 3 ′ end of RNAs, we debranched lariats with rDbr1 (or not, in a control), which conveniently reveals a 5 ′ phosphate required for adapter ligation. By RT-PCR, we then selectively amplified intronic species having adapters ligated to both termini. To capture the termini of introns, we employed a restriction enzyme MmeI to bind asymmetric sites engineered into each adapter and to direct cuts 20-21 nt into the intron, generating 5 ′ and 3 ′ terminal lariat tags. We then ligated adapters to the MmeI overhangs and prepared the library for sequencing (see Materials and Methods). Overall, four libraries were constructed, namely 5 ′ (rDbr1+), 3 ′ (rDbr1+), 5 ′ (rDbr1−), and 3 ′ (rDbr1−), representing the 5 ′ and 3 ′ terminal tag libraries treated or not with rDbr1p. We term this approach LIT-seq, for lariat intron termini sequencing.
LIT-seq identified the majority of annotated introns in budding yeast
In our test of LIT-seq, we obtained roughly 10 million reads for each of the four libraries (Supplemental Table S1 ). We first mapped the reads to the genome demanding a perfect match. Because we found that the 3 ′ termini of the lariat introns were frequently tailed with several nontemplated adenosines (see below), we trimmed adenosines from the 3 ′ termini of unmapped 3 ′ tag reads one by one, collecting reads that subsequently mapped perfectly. We refer to these reads as "A-tailed" reads and to the initially mapped reads as "tailless" reads; we refer to the collection of these reads as the mapped reads. To normalize 5 ′ and 3 ′ tag read numbers to library size, we report the number of tag reads per million mapped reads (RPM). LIT-seq proved highly effective in detecting introns. First, LIT-seq detected introns efficiently and specifically. Over 25% of total mapped reads from the 5 ′ (rDbr1+) library mapped to intronic regions (Supplemental Table S1 ; Supplemental Fig. S1A,B) . Note, in this trial of LIT-seq, without RNase R treatment (compare below), the 3 ′ (rDbr1 +) library was dominated by reads that mapped to multiple loci (i.e., rRNA reads, Supplemental Fig. S1C,D) . Even so, when considering only the total uniquely mapped reads, over 85% of the reads from the 3 ′ (rDbr1+) library mapped to intronic regions, comparable to the 5 ′ (rDbr1+) library (93%, Fig. 2A ), and roughly 100 reads mapped per intron, on average-more than enough for our analysis; indeed, the 3
′ (rDbr1+) library sufficed to yield findings qualitatively similar to those derived from the 5 ′ (rDbr1+) library (see below and Supplemental Note 1). Importantly, these intronic reads are dependent on debranching by rDbr1, because debranched libraries yielded a 15-fold higher percentage of intronic reads than undebranched control libraries ( Fig Table S1 ; Supplemental Note 2). An example of this specificity and rDbr1-dependence is illustrated for the ARP2 gene (Fig.  2C ). In the 5 ′ and 3 ′ debranched libraries, 2238 RPM and 22 RPM, respectively, mapped to the intron of ARP2, whereas no reads mapped to the exons. In the 5 ′ and 3 ′ control libraries, untreated with rDbr1, at least 20-fold fewer reads mapped to the intron-49 RPM and 0 RPM, respectively. Second, LIT-seq detected introns broadly. The 5 ′ and 3 ′ rDbr1-treated libraries revealed ∼75% of known introns-225 and 238, respectively, out of the 298 currently annotated introns ( Fig.  2B ; Supplemental Table S2 ). This coverage is comparable to that observed in previous studies of the budding yeast intronome and reflects in part the repression of intron-containing genes (e.g., meiotic genes) during growth in rich media (Juneau et al. 2007; Zhang et al. 2007 ). Thus, LIT-seq identified the majority of annotated introns efficiently and specifically.
In addition, LIT-seq detected introns over a wide dynamic range; the number of reads mapping to introns varied by as much as 1000-fold for both the 5 ′ (rDbr1+) and 3 ′ (rDbr1+) libraries (Supplemental Fig. S2A ). In addition, despite differing absolute numbers of reads, the number of 5 ′ and 3 ′ reads for a given intron correlated (Supplemental Fig. S2B ).
LIT-seq defined 5
′ splice site and branch-point consensus sequences empirically
For the 5
′ (rDbr1+) library, we designed LIT-seq to capture the very 5 ′ terminus of an intron, including the first six nucleotides, which define the 5 ′ splice site. Indeed, for 5 ′ reads mapping to an intron, the 5 ′ end typically mapped to the 5 ′ boundary of the intron (e.g., Fig.  2C ). In a meta-analysis of intronmapped 5 ′ reads using intron windows normalized to the distance between the 5 ′ and 3 ′ splice sites, a vast majority of 5 ′ reads (99%) mapped to the 5 ′ splice site in the 5 ′ (rDbr1+) library (Fig. 3A) . In the control library, the number of intronic reads, scaled to total mapped reads (RPM), decreased substantially (Fig. 3B) ; note that, a significant portion of intronic reads mapped unexpectedly to the 5 ′ splice site (Supplemental Note 3). Further, in a 20-bp window centered on each 5 ′ splice site, the most upstream residue of the 5 ′ (rDbr1+) reads mapped predominantly to the first nucleotide of the intron (Fig. 3C ). In total, 5 ′ reads reported on 75% of annotated 5 ′ splice sites. Indeed, when we queried all unique 5 ′ reads, mapping anywhere in the genome, for a sequence motif, we derived the motif sequence GUAUGU, which matches perfectly the consensus defined for annotated 5 ′ splice sites in budding yeast ( Fig. 3G ; Spingola et al. 1999; Davis et al. 2000; Miura et al. 2006) ; in contrast, the control 5 ′ (rDbr1−) library did not yield a 5 ′ splice site consensus sequence ( Fig.  3G ), but instead yielded a motif that derived primarily from H/ACA box small nucleolar RNAs (e.g., snR9). Overall, this analysis establishes that LIT-seq can broadly define 5
′ splice sites empirically with single-nucleotide resolution.
Similarly, for the 3 ′ (rDbr1+) library, we designed LIT-seq to capture the 3 ′ terminus of an intron, which in the dbr1Δ strain corresponds to the branch site (Chapman and Boeke 1991; Zhang et al. 2007 ). Indeed, for 3 ′ reads mapping to an intron, the last nucleotide typically mapped just downstream from the branch site (e.g., in ARP2; Fig. 2C ). In a meta-analysis of intron-mapped 3 ′ reads using intron windows normalized to the distance between the 5 ′ splice site and branchpoint, the most 3 ′ residue of a majority of reads (∼60%) mapped just downstream from the branch site in the debranched but not the control library ( Fig. 3D ,E; Supplemental Note 3). Unlike the 5 ′ reads, the 3 ′ reads did not map precisely to the branch site but rather mapped with an increasing probability of close proximity to the branch site; most reads mapped 2-nt downstream from the annotated branchpoint (Fig.  3F ). These 3 ′ reads mapped to ∼50% of annotated branch sites. Indeed, when we queried all 3 ′ reads, uniquely mapping anywhere in the genome, for a sequence motif, we derived the motif sequence UACUAAC, which matches perfectly the consensus for annotated yeast branch sites defined largely through bioinformatics ( Fig. 3H ; Spingola et al. 1999; Davis et al. 2000; Kellis et al. 2003) ; in contrast, the control library did not yield a branch site consensus sequence ( Fig. 3H ), but instead yielded a motif that derived primarily from tRNAs (e.g., tRNA-Gln). Overall, this analysis establishes that LIT-seq can broadly define 5 ′ splice sites and branch sites empirically. ′ (rDbr1+) reads mapping within a 20-nt window centered on each annotated 5 ′ splice site. In A-C, the position of a read was determined using the first, 5
′ nucleotide of the read. (D,E) A meta-analysis of the number of 3 ′ (rDbr1+) or 3 ′ (rDbr1−) reads, respectively, mapping to a particular position in an intronic window in which the distance between the 5 ′ splice site and branch point was normalized. (F ) A meta-analysis of the number of 3 ′ (rDbr1+) reads mapping within a 20-nt window centered on each annotated branch point. In D-F, the position of a read was determined using its most 3 ′ genomically encoded nucleotide. The inset in B shows a zoomed in view. Note: The two highest peaks in the 5 ′ (rDbr1−) library in B and the two highest peaks in the 3 ′ (rDbr1−) library in E correspond to reads mapping to the 5 ′ and 3 ′ ends of potential stem loops residing in the introns of RPL28( * ) and RPS17A( * * ), potentially reflecting endonucleolytic cleavage of these two introns (Supplemental Note 4). (G,H) LIT-seq successfully derived the 5 ′ splice site and branch site consensus sequences. Panel G compares the consensus sequence for annotated 5 ′ splice sites with the consensus sequences empirically derived from the uniquely mapped reads of the 5 ′ (rDbr1+) and 5 ′ (rDbr1−) libraries. Panel H compares the consensus sequence for annotated branch sites with the consensus sequences empirically derived from the uniquely mapped reads of the 3 ′ (rDbr1+) and 3 ′ (rDbr1−) libraries.
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LIT-seq revealed adenosine tailing of the 3 ′ termini of introns
In pilot experiments, cloning and Sanger sequencing of a sampling of the rDbr1+ libraries, before MmeI digestion, revealed that lariat introns were frequently appended with nontemplated adenosine at the 3 ′ terminus, as illustrated in Figure 4A . Mapping of the A-tailed reads from deep sequencing of the 3 ′ (rDbr1+) library confirmed that adenosine tailing occurred genome-wide, with >45% of the detected introns containing short A tails and with 99% of the A-tailed reads deriving from introns (Supplemental Table S1 ). Given that such adenosine tails are a hallmark of RNAs that have been marked by the TRAMP complex for degradation by the exosome (LaCava et al. 2005; Jia et al. 2011) , adenosine tailing of introns implicates post-transcriptional modification of lariats for turnover (see Discussion).
A global analysis of the parameters of intronic adenosine tailing revealed several features. First, tailing is specific to adenosine; other nontemplated nucleotides were rare and occurred at the frequency expected for sequencing errors, with the exception of 1-and 2-nt cytosine tails consistent with tRNA 3 ′ ends (Supplemental Table S3 ). Second, the length of adenosine tails is most frequently 1 nt and extends up to 7 nt ( Fig. 4B ; Supplemental Table S3 ); note, although adenosine tails of longer than 7 nt are possible, we did not search for such, likely rare, tails for technical reasons (see Materials and Methods). This length distribution differs slightly from that in previously described TRAMPdependent, adenosine tailed RNAs, which similarly contain short adenosine tails, but with 4 nt being the most frequent length (Jia et al. 2011; Wlotzka et al. 2011; see Discussion) . Finally, intronic adenosine tailing occurred exclusively downstream from branch sites, with a frequency of >99%, in sharp contrast to the distribution of total 3 ′ intronic reads (cf. Figs. 3D, 4C) ; significantly fewer A-tailed reads mapped to the intron in the undebranched control library (Fig.  4D) . Thus, adenosine tailing uniquely marked branch site reads, which could be leveraged to improve branch site identification by LIT-seq. Note, adenosine tails were appended predominantly to the second genomically encoded nucleotide downstream from the branch point (Fig. 4E) , corresponding precisely to the terminal nucleotide most frequently represented in the tailless 3 ′ reads mapping to the branch site ( Fig. 3F; Supplemental Fig. S3A ). Overall, our discovery of intronic adenosine tails, missed by alternative approaches (Awan et al. 2013; Bitton et al. 2014; Mercer et al. 2015) , highlights the utility of LIT-seq in targeting lariat termini.
Given that RNA ligase has a preference for RNAs with long unstructured 3 ′ tails (Zhuang et al. 2012) , the short 3 ′ tail of lariats in dbr1Δ cells may inhibit ligation to the 3 ′ adapter. In this regard, oligo(A) tails, especially the longer tails, would partially relieve the inhibition and reveal even shorter genomically encoded tail lengths (e.g., 1 nt). However, we observed that the genomically encoded tail length is most frequently 2 nt, regardless of the oligo(A) tail length (Supplemental Fig. S3A ), implying that lariats with 2-nt tails predominate in dbr1Δ cells. Still, reads lacking any oligo(A) tail showed the lowest frequency of 2-nt tails, so we investigated the efficiency of 3 ′ adapter ligation before and after debranching for two introns, from U3A and ACT1. Whereas the ligation of linear, debranched RNAs was efficient, approaching 90%, the ligation of lariat RNAs was less efficient and more variable (i.e., 20%-70%; Supplemental Fig. S3B , C). In contrast, debranching was efficient, at least 85%, for unligated or ligated lariats for both U3A and ACT1, as expected (Supplemental Fig. S3 ; Chapman and Boeke 1991; Khalid et al. 2005) . Indeed, we observed increased overall levels of products when ligating a 3 ′ adapter after, rather than before, debranching (Supplemental Fig. S3B ,C, cf. lanes 4 and 5). Thus, for future applications of LIT-seq, we advise implementing 3 ′ adapter ligation after debranching. Despite the potential for introducing bias when ligating a 3 ′ adapter to a trimmed lariat, three introns, from RPS24B, ACT1, and U3A, revealed 2-nt tails regardless of whether we ligated the 3 ′ adapter before or after debranching (Supplemental Fig. S3D-F) , validating our conclusion that lariats with 2-nt tails predominate in dbr1Δ cells. The 3 ′ termini of lariat introns were frequently appended just downstream from the branch site with short adenosine tails that were not encoded by the genome, as illustrated for the intron from ACT1. The adenosine tails are underlined. (B) Tails with one adenosine were most common, but longer tails with up to seven adenosines were observed. The histogram shows the number of 3 ′ (rDbr1+) reads having an A-tail of indicated length, from zero to seven; the zero-length tails correspond to the "tailless" class of reads. (C-E) Adenosine tailing occurs just downstream from branch site. Reads in C and D were plotted as in Figure  3D ,E, respectively, except that only A-tailed reads were plotted. Reads in E were plotted as in Figure 3F except that only A-tailed reads were plotted.
RNase R enhanced enrichment for branch-site reads
Previous studies of lariat intron turnover in a dbr1Δ strain has implicated endonucleolytic cleavage of lariats that provides a slow but alternative mechanism for turnover, in the absence of debranching (Ooi et al. 1998; Danin-Kreiselman et al. 2003) . Because LIT-seq does not inherently discriminate against the branching strand of such cleaved species, we expected that LIT-seq, as implemented above, would detect such branched "Y-shaped" species (Supplemental Fig.  S4A ). Indeed, for the 3 ′ intronic reads, a significant portion (∼40%) did not map to an annotated branch site. Instead, these reads mapped within the intron lariat, between the 5 ′ splice site and branch point, with a bias toward the 5 ′ splice site (Fig. 3D) , consistent with cleavage of a lariat upstream of the branch site. These upstream reads compromised the efficiency and specificity of LIT-seq in defining branch sites. Because such "Y-shaped" branched structures are sensitive to turnover by the 3 ′ -5 ′ exonuclease RNase R (Suzuki et al. 2006) , we modified LIT-seq to include digestion by RNase R, which also further discriminated against linear RNAs (Supplemental Fig. S4 ; Suzuki et al. 2006; Jeck et al. 2013; Mercer et al. 2015) . As observed above with the RNase R untreated libraries, over 65% of 5 ′ and 3 ′ reads mapped to introns, 5
′ and 3 ′ reads reported on ∼90% of annotated introns on average, and over 96% of the intronic 5 ′ reads mapped to annotated 5 ′ splice sites (Supplemental Figs. S1E-H, S4B-E; Supplemental Table S1 ). As designed, in 3 ′ libraries treated with debranchase and RNase R, named 3 ′ (rDbr1+, RNase R+), at least 94% of reads that mapped to introns mapped to branch sites (Supplemental Fig. S4F ,G; Supplemental Table S1 ) and these reads covered 66% of annotated branch sites. Further, at least 30% of all mapped reads and at least 80% of uniquely mapped reads mapped to branch sites, an efficiency of defining branch sites that exceeds alternative protocols tested in other organisms by >10-fold (Awan et al. 2013; Bitton et al. 2014; Mercer et al. 2015; Stepankiw et al. 2015) . Thus, LIT-seq establishes an unprecedented capacity to detect and define branch sites.
To judge the reproducibility of LIT-seq, in the above experiments evaluating the utility of RNase R, we performed LIT-seq on whole-cell RNA derived from three independent dbr1Δ yeast colonies to generate three experimental, replicate libraries with both 5 ′ and 3 ′ reads. Also, because LIT-seq yields splice site tags and many identical reads, to eliminate 3 ′ reads resulting from PCR duplicates, we uniquely labeled each RNA molecule by introducing a random barcode in the 3 ′ adapters (Shiroguchi et al. 2012) . After removing PCR duplicates from the library of 3 ′ reads, the remaining reads still mapped predominately to branch sites (Supplemental Table S1 , also cf. Supplemental Fig. S4F-I) . Further, the total intronic 3 ′ reads and the corresponding intronic 3 ′ reads with PCR duplicates removed showed a tight correlation, with a Pearson r 2 value of ∼0.8, suggesting that PCR amplification did not significantly bias the distribution of reads (Supplemental Fig. S5D ). Importantly, the 5 ′ reads, 3 ′ reads, and 3 ′ reads with PCR duplicates removed showed clear correlations between biological replicates, with Pearson r 2 values ranging from 0.4 to 0.64 (Supplemental Fig. S5A,B ; data not shown). Thus, we conclude that LIT-seq is reproducible.
The reproducibility of LIT-seq implies that splice site tags could be utilized to quantify relative changes in intron levels. Still, neither the 5 ′ nor 3 ′ tags, derived with or without RNase R treatment, revealed correlations with nascent or mRNA transcripts levels, as determined by NET-seq (Supplemental Fig. S6A-F ; Churchman and Weissman 2011) or RNA-seq (Supplemental Fig. S6G ; Yassour et al. 2009 ), which do correlate with one another (S6H). Additionally, the number of intron reads from LIT-seq libraries treated with or without RNase R showed a poor correlation with one another, indicating bias in one approach, the other, or both (Supplemental Fig. S5E,F) , such as degradation of Y-shaped branched structures in the RNase R-treated libraries. Still, the correlation between 5
′ and 3 ′ reads (Supplemental Figs. S2B, S5C, S7G), between replicates (Supplemental Fig. S5A,B) , and between reads dependent or not on PCR amplification (Supplemental Fig. S5D ), implies that intron reads would reflect relative changes, rather than absolute, intron levels.
LIT-seq can be applied to wild-type cells
Given the specificity and sensitivity of LIT-seq, we next tested whether LIT-seq could be implemented effectively in wildtype cells without deleting debranchase to accumulate and enrich for lariats, as is commonly practiced in genomewide intron studies (Juneau et al. 2007; Awan et al. 2013; Bitton et al. 2014; Stepankiw et al. 2015 ). An alternative to enriching for lariats by stabilization is to enrich for lariats by coimmunoprecipitation with the spliceosome; in extracts from wild-type cells, immunoprecipitation of endogenous spliceosomes coprecipitates lariats (e.g., Small et al. 2006; Chen et al. 2014) . To test whether lariat enrichment by immunoprecipitation of the spliceosome enables the application of LIT-seq to wild-type cells, we immunoprecipitated spliceosomes using antibodies against Prp16, one of the factors that associates with the spliceosome at the lariat intermediate stage and through coimmunoprecipitation enriches for lariat intermediates (Schwer and Guthrie 1991) . After extracting RNA from Prp16 immunoprecipitation, we implemented LIT-seq as above, with RNase R treatment to reveal branch point sequences; LIT-seq yielded two experimental libraries, namely Prp16-5 ′ (rDbr1+, RNase R+) and Prp16-3 ′ (rDbr1+, RNase R+), and two control libraries in which debranchase was omitted, namely, Prp16-5 ′ (rDbr1−, RNase R+) and Prp16-3 ′ (rDbr1−, RNase R+). In the detection of introns and splice sites by LIT-seq, lariat enrichment by coimmunoprecipitation yielded results qualitatively similar to those derived from lariat enrichment by debranchase deletion. First, LIT-seq again proved sensitive and efficient; >80% of mapped reads mapped to introns (Supplemental Table S1 ; Supplemental Figs. S1I-L, S7A). Second, LIT-seq again specifically defined splicing sites; >99% of the intronic reads mapped to 5 ′ splice sites or branch-point sequences (Supplemental Table S1 ; Supplemental Fig. S7C-F) . Third, the 5 ′ and 3 ′ libraries again correlated (Supplemental Fig. S7G ). While the Prp16-IP library did not correlate with the rDbr1+ library (e.g., Supplemental  Fig. S7J ), the Prp16-IP library did show some correlation with the other RNase R-treated libraries (Supplemental Fig.  S7H,I ). Fourth, LIT-seq detected many annotated introns (∼50%, Supplemental Fig. S7B) ; note, this coverage is somewhat lower than the 75% detected with enrichment from dbr1Δ cells, which could reflect a differential residency of lariat intermediates in Prp16-bound spliceosomes. Lastly, LITseq by this method also detected novel introns (see below). We conclude that LIT-seq, when coupled to spliceosome immunoprecipitation, can be applied broadly to wild-type cells to efficiently and specifically detect lariats and associated splice sites.
LIT-seq uncovered novel splicing events
Because in LIT-seq libraries a significant portion of uniquely mapped reads mapped to regions outside of annotated introns, we investigated whether any of these reads reflected novel splicing events. To query the reads for evidence of novel splicing events, we searched by inspection for transcribed regions of the genome in which at least two reads from both the 5 ′ and 3 ′ libraries (i) mapped with the 5 ′ reads upstream of the 3 ′ reads, (ii) mapped within established distances for annotated introns-50 bp to 1 kb (Spingola et al. 1999) , and (iii) contained sequences that resemble the consensus sequences for the 5 ′ splice site and branch site, allowing up to two mismatches (Supplemental Note 5). Note: For 5 ′ reads, we required 5 ′ splice site-like sequences to reside precisely at the 5 ′ termini of the reads, whereas for 3 ′ reads, we required branch site-like sequences but from 1 to 7 nt upstream of the 3 ′ termini of the reads. Based on these criteria, we identified 45 novel splicing events not previously reported, with some of these novel introns appearing in more than one library (Supplemental Table S4 ).
Here, we focused on validating novel introns revealed by the 5 ′ (rDbr1+) and 3 ′ (rDbr1+) libraries. In these libraries, we detected novel splicing events reported in recent studies (e.g., BDF2 and GCR1; Harigaya and Parker 2012; Volanakis et al. 2013; Kawashima et al. 2014 ). Further, we detected 12 novel splicing events not reported elsewhere. Because we recovered fewer uniquely mapped reads in the 3 ′ (rDbr1+) libraries, we also relaxed the search criteria by requiring only 5 ′ reads in which 5 ′ splice site-like sequences resided at the 5 ′ termini of the reads. By this criteria, we identified eight additional novel splicing events. Together, LIT-seq provided evidence for 20 novel splicing events. We were able to confirm 16 by independent methods (see below). These validated novel splicing events divided into three classes.
The first class of such novel splicing events was associated with annotated introns and reflected the use of alternative, upstream 5 ′ splice sites. These alternative 5 ′ splice sites reside in two genes-MATa1 and RPS14B ( Fig. 5A-D ; Supplemental Fig. S8A-C) . We verified these novel splicing events by a "lariat RT-PCR" assay that amplifies a branched junction and reveals the 5 ′ splice site and branch site at single nucleotide resolution ( Fig. 5B ; Gao et al. 2008) . In a complementary assay, we verified the novel exon-exon junctions by standard RT-PCR of the mRNA, which also verified that the 3 ′ splice site corresponded to the first AG downstream from the branch point. For MATa1 and RPS14B, we observed splicing at both the annotated and the novel 5 ′ splice site (Fig. 5B-D , Supplemental Fig. S8B,C; data not shown), consistent with our recovery of reads from both sites. Importantly, these novel splicing events are not unique to the dbr1Δ strain, because by mRNA RT-PCR we also detected these events in a wildtype strain or strains expressing debranchase activity (e.g., upf1Δ; Fig. 5C ).
Notably, there are several common features associated with these alternative 5 ′ splice sites. First, these alternative 5 ′ splice sites occurred upstream of the annotated 5 ′ splice site. However, we did recover a recently reported alternative 5 ′ splice site downstream from the annotated 5 ′ splice site in RPS22B (data not shown; Kawashima et al. 2014) . Second, the associated 5 ′ splice site sequence deviated from the consensus (Supplemental Table S4 ), indicating inefficient splicing signals. Third, the mRNAs associated with the alternative 5 ′ splice sites represent minor isoforms ( Fig. 5C ; Supplemental Fig. S8C ), reflecting either inefficient splicing or biased degradation of these isoforms. Despite the fact that splicing at the alternative 5 ′ splice sites in MATa1 and RPS14B shifts the reading frame and introduces a premature termination codon that could in principle trigger NMD, splicing isoforms associated with these alternative splice sites remain as a minor isoform even when NMD is inhibited. Specifically, in strains deficient for NMD due to knockout of UPF1 or UPF2, the MATa1 novel isoform did not increase to any significant extent, and while the RPS14B novel isoform was detected, the level was still significantly less than the annotated isoform ( Fig. 5C; Supplemental Fig. S8C ). Previous studies have found that certain unspliced pre-mRNAs or exon-skipped mRNAs, despite encoding premature termination codons, are insensitive to NMD (Sayani et al. 2008; Egecioglu et al. 2012) ; indeed, nuclear decay pathways have been implicated in the turnover of these species (BousquetAntonelli et al. 2000; Egecioglu et al. 2012; Bitton et al. 2015) . These observations highlight the utility of LIT-seq in enriching for splicing events that would not be significantly enriched by inactivation of NMD, an alternative approach for revealing novel splicing events (Kawashima et al. 2014) .
The second class of novel splicing events were also associated with annotated introns but reflected the use of alternative branch sites. These branch sites resided in two genes-YBR255C-A and AML1. In the case of YBR255C-A, the 3 ′ (rDbr1+) reads did not map to the annotated branch site, AAUUAAC; instead, the reads mapped 15-nt upstream to a site that included the branch site-like sequence CGCUAAC, as verified by lariat RT-PCR (Fig. 5E,F) . Notably, this novel branch site sequence along with several others (Supplemental Table S4 ) have never before been reported in budding yeast. Importantly, we found that the new branch site is strongly conserved among different yeast species, whereas the annotated site is not (Fig. 5E ), providing additional evidence that CGCUAAC is the authentic branch site for YBR255C-A. We also confirmed that AML1 branches at a site that differs from the predicted branch site Figure 2C . In E, conservation scores (Max = 1) between seven yeasts (S. cerevisiae, S. paradoxus, S. mikatae, S. kudriavzevii, S. bayanus, S. castelli, and S. kluyveri) are shown in green. Note: In A, in the control track (rDbr1−), the reads mapping to the annotated 5 ′ splice site show higher RPM than the experimental track, but this was not observed for other introns or libraries. (B,F) Verification of the novel 5 ′ splice site and branch site via the intron product. The PAGE gels show lariat RT-PCR analysis of the novel branch junctions from WT and dbr1Δ cells. The traces show Sanger sequencing of lariat RT-PCR products, with the 5 ′ splice site (red) and linked branch site (blue) highlighted. As observed previously (e.g., Gao et al. 2008) , mutations, insertions, and deletions were frequently associated with lariat RT-PCR across a branch junction and are underlined here. (C,D) Verification of the novel 5 ′ splice site via the mRNA product. In C, the PAGE gel shows mRNA RT-PCR analysis of the inferred, novel exon-exon junction, from WT, dbr1Δ, upf1Δ, and upf2Δ cells; in D, Sanger sequencing confirmed the novel junction resulting from the alternative 5 ′ splice site and annotated 3 ′ splice site.
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www.rnajournal.org 245 (Supplemental Fig. S8D,E) . Notably, in AML1, the annotated UACUAAC sequence, which matches the branch site consensus, is not used; instead, the overlapping AACUAAC sequence, which contains one mismatch, is used. Together, these observations highlight the limitations of bioinformatics and underscore the value of LIT-seq in empirically defining branch sites. The third class of novel splicing events is not associated with annotated introns but rather with genes previously defined as "intronless." We identified 12 such splicing events in ten protein-coding genes and two noncoding RNA genes ( Fig. 6; Supplemental Fig. S8 ; Supplemental Table S4 ). Notably, several of the novel introns mapped to untranslated regions (UTRs), where introns are harder to detect bioinformatically. The intron in GLE2 and TEX1 mapped to the 5 ′ UTR (Fig. 6A,B ; data not shown), while the introns in PTC3, MSL5, PRO3, QDR2, and YDR541C mapped to the 3 ′ UTR (Fig. 6C -E, Supplemental Fig. S8F-J ; data not shown), a region in which introns are rarely documented in this organism. The novel introns in OPT1, SFB2, and DIC1, by contrast, mapped to the coding regions (data not shown). Notably, splicing in OPT1 and SFB2 has the potential to shift the reading frame. We were able to confirm these novel introns, plus those in the two ncRNA genes, by lariat RT-PCR ( Fig. 6; Supplemental Fig. S8 ; data not shown). By mRNA RT-PCR, each of these newly identified splicing isoforms were expressed as minor species (Fig. 6 ; data not shown). Overall, our identification and validation of these three classes of novel splicing events establishes the utility of LIT-seq in uncovering novel, even rare, splicing events FIGURE 6. (A-G) LIT-seq revealed novel introns, as illustrated by the unannotated introns found in the 5 ′ UTR of GLE2 (A), the 3 ′ UTR of PTC3 (C), and in the noncoding RNA that is antisense to RGT2 (F ). Gene annotations and read numbers are displayed as in Figure 2C . In F, chevrons show the direction of the RGT2 sense transcript. (B,D,G) Verification of the novel introns, via the intron product. Lariat RT-PCR and Sanger sequencing of the branch junctions is illustrated as in Figure 5B . (E) Verification of the novel intron in PTC3 via the mRNA product, as in Figure 5C , D. The asterisk in D marks a nonspecific band resulting from RT-PCR. not predicted bioinformatically or documented by RNA-seq of the transcriptome or by alternative methods for interrogating the intronome.
DISCUSSION
Here, we establish a novel method, LIT-seq, for investigating pre-mRNA splicing genome-wide (Fig. 1) . This method analyzes splicing from the perspective of the intron, rather than the mRNA, and focuses deep sequencing on the termini of lariat introns. In a test of LIT-seq on the intronome of the model organism budding yeast, we detected over 75% of the annotated introns ( Fig. 2; Supplemental Figs. S4, S7) . In addition, we were able to empirically and efficiently define 5 ′ splice sites and, more importantly, branch sites, which have generally only been predicted genome wide (Fig 3; Supplemental Figs. S4, S7). Further, LIT-seq revealed A tailing at the 3 ′ termini of excised introns, implicating these lariat introns as substrates for both the TRAMP complex and the exosome (Fig. 4) . Importantly, we demonstrated that LIT-seq can be applied to wild-type cells, implying a general utility of LIT-seq (Supplemental Fig. S7 ). Finally, LIT-seq revealed novel splicing events, including alternative 5 ′ splice sites and branch sites as well as entirely novel introns (Figs. 5, 6 ; Supplemental Fig. S8 ; Supplemental Table S4 ). Overall, our findings demonstrate that LIT-seq, with its focus on the termini of introns, provides an efficient, simple, and direct approach to interrogate splicing events and signals.
Comparison of LIT-seq with other sequencing approaches for analyzing splicing
Our study has demonstrated several benefits of investigating pre-mRNA splicing by focusing RNA-seq on the termini of lariats. First, LIT-seq reported on splicing efficiently-in RNase R-treated libraries, 34%-84% of total mapped reads mapped to introns (Supplemental Table S1 )-an efficiency comparable to the highest efficiency of previous intron probing approaches (e.g., Awan et al. 2013 ), but significantly superior to typical mRNA sequencing (e.g., ∼0.3%; Nagalakshmi et al. 2008; Kawashima et al. 2014 ). Second, LIT-seq efficiently revealed splicing sites-on average 60% of mapped reads revealed 5 ′ splice sites and branch sites (Supplemental Table S1 ). This efficiency reflects a significant improvement over previous intronome studies, which detected splicing sites with an efficiency of <3% in total mapped reads (Awan et al. 2013; Bitton et al. 2014; Mercer et al. 2015; Stepankiw et al. 2015) . Third, while LIT-seq may bias against long introns because of the current requirement to reverse transcribe the full length of the intron, LIT-seq efficiently detected short introns, including the shortest intron in budding yeast (MATa1, 52 nt). In contrast, other intron probing approaches that use random priming strategies have detected shorter introns less efficiently than longer ones (Awan et al. 2013; Bitton et al. 2014) .
A limitation of LIT-seq approaches as implemented here is the loss of linkage between 5 ′ and 3 ′ reads due to the utilization of MmeI. Linkage can be inferred for genes with a single 5 ′ splice site and branch point, alternative 5 ′ splice sites and a single branch site (e.g., Fig. 5A ), or a single 5 ′ splice site and alternative branch points; however, linkage would be ambiguous for genes with multiple 5 ′ splices sites and branch sites. In other intron approaches to splice site identification, the branched structure itself is exploited to link the 5 ′ splice site and branch site, through RT reads that traverse the branch structure (Awan et al. 2013; Bitton et al. 2014; Mercer et al. 2015) . LIT-seq could be adapted to maintain linkage between the 5 ′ and 3 ′ termini of an individual lariat. For example, the linkage between the 5 ′ and 3 ′ termini could be maintained by circularization of debranched lariats to join the ends (cf. Pelechano et al. 2013) ; alternatively, where intron length permits, paired-end sequencing could be utilized (Fullwood et al. 2009 ). Further adaptions, however, would be required to enable the detection of trans-splicing and backsplicing events (Spieth et al. 1993; Barrett et al. 2015) .
Novel splicing events: splicing noise or hints of regulation?
In this study of budding yeast introns, we uncovered novel splicing events in 45 genes in total. The corresponding novel mRNA isoforms, of those we validated, were generally of low abundance, compared with the major species. The low abundance could in part result from inefficient splicing. Consistent with this possibility, these novel events, with four exceptions, are associated with weak splicing signals; the 5 ′ splice site and branchpoint sequence of the novel introns differed from the consensus at one to two positions, as permitted by our criteria for selecting novel introns (Supplemental Table S4 ; cf. Kawashima et al. 2014) . Indeed, these novel splicing events revealed two 5 ′ splice site sequences and nine branch site sequences that have not been reported previously in budding yeast (Supplemental Table S4 ), indicating a broader specificity of the spliceosome than previously suspected. Because we generally could not detect conservation of these splice sites in closely related yeast species, we suspect that many of these inefficient splicing events reflect splicing noise that stems from off-target binding of the splicing machinery, binding that has no functional role (Melamud and Moult 2009; Pickrell et al. 2010; Hon et al. 2013; Kawashima et al. 2014 ). However, we cannot rule out the possibility that these splicing events reflect S. cerevisiae-specific regulatory mechanisms, in which splicing becomes efficient under conditions that differ from those utilized in this study. Even if these splicing events reflect noise, they could reflect the tolerance of a pool of alternative isoforms that could be exploited during evolution.
Notably, we did observe conservation overlapping introns that reside in the 3 ′ UTR of MSL5 (Supplemental Fig. S8F ), a gene encoding a splicing factor that functions in recognizing the branchpoint sequence in early stages of spliceosome assembly (Berglund et al. 1997) . Intriguingly, while the 5 ′ splice site is optimal, the two alternative branch sites identified in MSL5 are suboptimal, raising the possibility of a negative feedback loop in which high levels of Msl5p induce splicing in the 3 ′ UTR to down-regulate expression, either through decreased translation or increased turnover. Further studies will be needed to distinguish between noise and function for this and the other inefficient splicing events.
Insight into lariat intron processing
In our study, the 3 ′ termini of introns were appended with one or more nontemplated adenosines (Fig. 4) . Notably, short, nontemplated oligo(A) tails are added by the TRAMP complex to a variety of RNAs for targeting by the exosome for turnover (LaCava et al. 2005) , and introns have been reported to immunoprecipitate with the TRAMP complex (San Paolo et al. 2009 ). Thus, nontemplated adenosines at the 3 ′ termini of lariat introns may target these introns to the exosome. Oligo(A) tailing of lariat introns just downstream from the branch site in a dbr1Δ strain likely results from the resistance of the branch to exonucleolytic digestion and likely reflects an effort to overcome the block through the recruitment of the exosome, as has been observed for stable but misprocessed RNAs (Houseley et al. 2006) . However, the covalent nature of the branch would present a persistent barrier to the exonuclease activities of the exosome, resulting in a futile cycle of oligo(A) addition and degradation, potentially explaining why the dominant oligo(A) tails at the 3 ′ termini of lariat introns at steady state extended only one nucleotide, as compared with other exosome substrates for which oligo(A) tails are longer and recruitment of the exosome to the oligo(A) tail would generally lead to processive degradation of the RNA (Jia et al. 2011; Wlotzka et al. 2011) . Nevertheless, the exosome embodies not only exonucleolytic activities but also an endonucleolytic activity (Lebreton et al. 2008) , which could potentially bypass the branched structure and account for the endonucleolytic cleavage of lariats stabilized in a dbr1Δ strain, cleavage that has been observed previously (Ooi et al. 1998; Garrey et al. 2014) and likely accounts for the population of 3 ′ reads that mapped to the intron body, upstream of the branch (Fig. 3D) .
Future applications of LIT-seq
Our current LIT-seq approaches restrict an analysis to the 3 ′ termini of lariats that correspond to the branch point. Although not tested in this study, LIT-seq has the potential, through modifications to the protocol, to extend to lariat 3 ′ termini that correspond to distinct features. First, LITseq, unlike other intron probing approaches, can be adapted to define 3 ′ splice sites, by targeting the 3 ′ termini of excised but intact introns. By defining 5 ′ splice sites, branch sites, and 3 ′ splice sites, LIT-seq would not only allow the empirical annotation of introns but would also have the potential to reveal recursive splicing events, in which the spliceosome excises large introns by sequentially removing nested introns (Hatton et al. 1998; Lopez and Séraphin 2000; Sibley et al. 2015; Duff et al. 2015) . While the fully processed mRNA product cannot distinguish between intron excision in a single step from excision in multiple recursive steps, the intron products resulting from these two alternative pathways do distinguish between these mechanisms, because the lariats effectively record each splicing event.
Second, LIT-seq has the unique potential to reveal the lariat intermediate through the detection of a lariat terminus that maps downstream from a 3 ′ splice site. Significantly, whereas a 3 ′ terminus that maps to the polyadenylation site would indicate post-transcriptional splicing, a 3 ′ terminus that maps to the 3 ′ exon would indicate cotranscriptional splicing. Whereas most evidence suggests regulatory factors impact splicing early in assembly, previous studies have demonstrated regulation late in the pathway-after the first catalytic step (Bouck et al. 1995; Lallena et al. 2002; Volanakis et al. 2013) ; however, whether late regulatory events are more prevalent than currently appreciated remains to be determined. LIT-seq, through the relative quantification of lariat intermediates, could reveal such regulation.
Third, in addition to revealing reactive sites in splicing, LIT-seq has the potential to reveal rapid changes in splicing. Because the steady-state levels of lariats are low and lariats turn over quickly (Windhager et al. 2012) , the levels of lariats are sensitive to changes in splicing-as compared with mRNAs, which exhibit higher steady-state levels and greater stability. Importantly, we show that LIT-seq is reproducible (Supplemental Fig. S5 ), and can efficiently capture introns (Supplemental Fig. S3B,C) , implying that LIT-seq can be applied in the future for quantitative comparisons across conditions. Further, while the absolute levels of intronic reads detected by LIT-seq may not faithfully reflect the absolute levels of splicing (Supplemental Fig. S6 ; cf. Bitton et al. 2014) , we expect that the relative levels of intronic reads under different conditions will reflect quantitatively changes in splicing, because any bias will cancel out. Indeed, preliminary data indicate that LIT-seq can detect a decrease of lariat levels after heat shock as effectively as a direct analysis of intron levels (data not shown).
Finally, LIT-seq can be adapted to include alternative approaches for intron enrichment, thereby allowing broad applications across organisms. While we and others have enriched for introns by exploiting the accumulation of introns in a dbr1Δ strain (Juneau et al. 2007; Zhang et al. 2007; Awan et al. 2013; Bitton et al. 2014; Stepankiw et al. 2015) , this approach may be undesirable or impractical in some organisms. To enable LIT-seq in cells or organisms expressing debranchase, we have instead enriched for introns through immunoprecipitation of the spliceosome; by coupling LITseq to the coimmunoprecipitation (co-IP) of introns with the spliceosome, we have succeeded in mapping 5 ′ splices, branch sites, and novel introns in a wild-type strain (Supplemental Fig. S7 ). Because endogenous spliceosomes have been immunopreciptated previously from other organisms, such as human cells (e.g., Girard et al. 2012) , and transcripts bound to endogenous spliceosomes have already been identified (Volanakis et al. 2013; Chen et al. 2014; Nojima et al. 2015) , we anticipate that LIT-seq can be applied broadly to other organisms to efficiently, specifically, and directly monitor splicing site choice genome-wide and with single-nucleotide resolution.
MATERIALS AND METHODS
Strains and growth conditions
To apply LIT-seq to total RNA from dbr1Δ cells, the wild-type yeast strain BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and the isogenic mutant strain dbr1Δ (GE Healthcare, clone ID 4999, genotype: MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 dbr1Δ) were grown at 30°C in rich medium (YPDA, yeast peptone drextrose adenine) and harvested in mid-log phase (OD 600 between 0.4 and 0.8). To apply LIT-seq to RNA extracted from endogenous spliceosomes immunoprecipitated via Prp16, the yeast strain yS107 (Burgess and Guthrie 1993) was transformed with the LEU2-marked ACT1-CUP1 reporter pGAC24 (Lesser and Guthrie 1993) and grown at 30°C in -Leu yeast minimal media and harvested in mid-log phase.
Oligos
Oligos for constructing LIT-seq libraries and confirming novel splicing events were purchased from IDT and are listed in Supplemental Table S5 .
Whole-cell RNA extraction
Whole-cell RNA was extracted by phenol/chloroform/isoamyl alcohol (25:24:1) at 65°C, as described (Stevens and Abelson 2002) .
Lariat enrichment through spliceosome immunoprecipitation via Prp16
Whole-cell extracts were prepared using a liquid nitrogen method as described (Mayas et al. 2006) . Then, 2 mL of whole-cell extract was mixed with 5 mL IPP150 (10 mL Tris [pH8.0], 150 mL NaCl, 0.1% NP-40, 2.5 mM MnCl 2 ) along with a protease inhibitor cocktail tablet (Roche) and DNase I (100 units, Life Technologies) and incubated on ice for 10 min. After spinning at 17,000 rpm in a Sorvall SS34 rotor for 20 min, the supernatant was incubated with 100 µg of Prp16 antibodies (purified from serum, from the Guthrie lab) at 4°C for 2 h. Next, 200 µL of a protein A sepharose bead slurry (1:1; Life Technologies) that was prewashed with IPP150 was added to the whole cell extract and incubated on a nutator at 4°C for another 1 h. The beads were washed five times with 10 volumes of IPP150, and the bound fractions were eluted with 50 mM glycine (pH 2.6); the elution was then phenol/chloroform extracted and ethanol precipitated to yield "Prp16-IP" RNA.
Lariat enrichment by exonuclease and phosphatase treatment
Whole-cell RNA (10 µg) or Prp16-IP RNA was incubated with 10 units of XRN-1 in buffer 3 (NEB) at 37°C for 1 h, followed by incubation with 20 units of CIP (NEB) in the same buffer at 37°C for another hour. Optionally, the XRN-1/CIP treated RNA was phenol/ chloroform purified and further incubated with 20 units of RNase R in 1× RNase R buffer (Epicentre) at 37°C for 1 h.
Northern analysis of intronic RNA
Northern analysis was performed as described (Small et al. 2006) , except that gene-specific probes against the intron body were used (Supplemental Table S5 ).
LIT-seq library construction
To construct LIT-seq libraries from dbr1Δ whole-cell RNA without RNase R treatment, we customized an adapter ligation strategy based on the small RNA seq protocol (version 1.5, Illumina). The preadenylated 3
′ oligo rDQ2, encoding the flow cell adapter (Supplemental Table S5 ), was ligated to the 3 ′ terminus of RNA by incubation with 100 units of T4 RNA ligase 2 (truncated, K277Q) in T4 RNA ligase buffer (NEB) with 15% PEG-8000 at 20°C for 2 h. For the experimental rDbr1+ libraries, lariats were debranched to expose a free 5 ′ phosphate by incubation with 25 ng rDbr1p in buffer (50 mM Tris-HCl [pH 7.0], 4 mM MnCl 2 , 2.5 mM DTT, 25 mM NaCl, 0.01% Triton X-100, 0.1 mM EDTA, 0.15% glycerol) at 30°C for 15 min (Khalid et al. 2005) ; rDbr1 was prepared as described (Khalid et al. 2005) . For the control libraries, rDbr1p treatment was omitted. Next, the oligo rDQ3, which encodes the sequencing adapter (Supplemental Table  S5 ), was ligated to the 5 ′ terminus of RNA, having a free 5 ′ phosphate, by incubation with 10 units of T4 RNA ligase 1 (NEB) in T4 RNA ligase buffer and 10% DMSO at 37°C for 1 h. The ligation products were reverse transcribed by superscript III (Life Technologies) in 1× first strand buffer (Life Technologies) at 50°C for 1 h with primers (oDQ56 or oDQ65B; Supplemental Table  S5 ) that anneal to the 3 ′ adapter and encode barcodes to distinguish experimental and control libraries and to distinguish the 3 ′ library from the 5 ′ library. Then, cDNA products were amplified by Phusion polymerase (Fishersci) for 18 cycles using the forward primer oDQ49 and the reverse primer oDQ182 using following the parameters: 94°C, 10 sec; 60°C, 10 sec; 72°C, 2 min. To remove adapter-adapter dimers, the PCR products were run on a 6% native polyacrylmide gel and the DNA fragments that range from 110 bp, corresponding to an insert of 30 bp, up to the well, corresponding to inserts of at least 2 kb, were cut from the gel and electro-eluted. To capture the termini of lariats, the gel-purified PCR products were digested with MmeI (NEB) in buffer 2 plus 50 µM S-adenosylmethionine at 37°C for 30 min, yielding DNA fragments having a 2-nt 3 ′ overhang and lengths of 63-64 bp or 49-50 bp for the 5 ′ or 3 ′ termini, respectively. The DNA fragments were then size selected on a 6% native polyacrylmide gel, cut from the gel, and electro-eluted. Next, for the 5 ′ libraries, the flow cell adapter and library barcodes were introduced by ligating the preannealed DNA duplexes A or B, each with randomized, 2-nt 3 ′ overhangs (Supplemental Table S5 ), also with a randomized, 2-nt 3 ′ overhang. The ligation products were selectively amplified using oDQ49 and oDQ182 by Phusion polymerase following the same conditions as above. The PCR products of the expected size (90-91 bp for 5 ′ libraries and 102-103 bp for 3 ′ libraries) were separated on a 6% polyacrylamide gel, cut out, and electro-eluted. The samples were dissolved in H 2 O before submitting for deep sequencing. Note: Mme I digestion generates a 20-21-bp tag; in the 3 ′ libraries, the entire tag derived from the yeast transcriptome, because the Mme I site lies at the very 5 ′ end of the flow cell adapter; however, in the 5 ′ libraries, only 16-17 bp of the tag derived from the yeast transcriptome-the remaining 4 bp derived from the sequencing adapter, because in the 5 ′ library, an Mme I site is coincidentally encoded in the sequencing adapter region and lies 4-nt upstream of the 3 ′ end of the 5 ′ sequencing adapter (Supplemental Table S5 ).
To construct LIT-seq libraries from dbr1Δ whole-cell RNA with RNase R treatment, we followed the same procedure with the following exceptions. The RT primers oDQ515, oDQ516, oDQ517, and oDQ518 (Supplemental Table S5 ) were used respectively to introduce a random 11 nt barcode (Shiroguchi et al. 2012 ) for the control library, named 3 ′ (rDbr1−, RNase R+), and for the replicates 1, 2, and 3 of the experimental libraries, named 3 ′ (rDbr1+, RNase R+), respectively, as described in the text; additionally, for the 5 ′ libraries, the flow cell adapters were introduced by ligation to DNA duplexes D, E, F, and G (Supplemental Table S5 ), respectively, which encoded unique barcodes.
To construct LIT-seq libraries from Prp16-IP RNA (with RNase R treatment), we again followed the same procedure except that the RT primers oDQ157 and oDQ158 (Supplemental Table S5) were used, respectively, for the control library, named Prp16-3 ′ (rDbr1−, RNase R+), and the experimental library, named Prp16-3 ′ (rDbr1+, RNase R+), as described in the text; additionally, for the 5 ′ libraries, the flow cell adapters were introduced by ligation to DNA duplexes H and I (Supplemental Table S5 ), respectively, which encoded unique barcodes.
Sequencing
After determining the relative concentration of each library sample, all barcoded samples were mixed in equal molar amounts and sequenced on a single lane of either an Illumina HiSeq 2000 (Beijing Genomic Institute, Shenzhen, China) or an Illumina HiSeq 2500 (Functional Genomics Facility, University of Chicago).
Conservation tracks show phastCons scores for multiple alignments of six indicated yeast genomes relative to the S. cerevisiae genome (track downloaded from http://hgdownload.cse.ucsc.edu/ goldenPath/sacCer3/phastCons7way).
To analyze the correlation between LIT-seq and NET-seq, the read number for a particular intron in LIT-seq was plotted against the read number for that intron-containing gene in NET-seq or RNA-seq, scaled to RPKM (reads per kilobase per million mapped reads). For RNA-seq, reported RPKM (data set: wild-type cells, rich medium) was used (Yassour et al. 2009 ); for NET-seq, raw reads (accession number: SRX031059; Churchman and Weissman 2011) were mapped to S. cerevisiae genome and the number of reads mapped to an intron containing gene was extracted and normalized to RPKM.
Validation of novel introns
To validate novel splicing events implicated by LIT-seq, we used RT-PCR. First, whole-cell RNA from either wild-type DBR1 or mutant dbr1Δ strains was reverse transcribed by superscript II reverse transcriptase at 42°C for 1 h using a mixture of random hexamers as primers. Then, novel splicing events were confirmed by two complementary strategies: (i) lariat RT-PCR, to detect the branched structure of the lariat (Gao et al. 2008) ; or (ii) mRNA RT-PCR, to detect the exonic junction of the mRNA. In lariat RT-PCR, cDNAs were PCR amplified using a forward primer that anneals upstream of the putative branch site and a reverse primer that anneals downstream from the putative 5 ′ splice site (Supplemental Table  S5 ), using Phusion polymerase with the following parameters: 94°C , 10 sec; 53°C, 10 sec; and 72°C, 15 sec for 30 cycles. The putative bands corresponding to the branched junctions were excised, eluted, and subjected to TOPO cloning (Life Technologies); sample clones were sequenced by Sanger sequencing. In mRNA RT-PCR, cDNAs were PCR amplified using a forward primer that anneals upstream of the putative 5 ′ splice site and a reverse primer that anneals downstream from the putative 3 ′ splice site, using Phusion polymerase with the following parameters: 94°C, 10 sec; 53°C, 10 sec; 72°C, 15 sec for 30 cycles. Note: The putative 3 ′ splice site was inferred as the first AG downstream from the branch site and confirmed in each case by mRNA RT-PCR coupled to TOPO cloning analysis.
DATA DEPOSITION
Raw read files were deposited in the Sequence Read Archive (SRA; accession number SRP059288 for dbr1Δ libraries and SRP063518 for Prp16-IP libraries).
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